study. The influences of operation parameters such as ultrasonic energy density and solution concentration on weight reduction ratio (WRR) were discussed. The effects of UOD on the following AD of carrot slices were also studied.
Introduction
At the present time, consumption of dehydrated food has experienced a noticeable increase in its demand on the market.
Conventional dehydration methods based on hot-air drying (AD) are widely used in agricultural industry, but they are time-consuming and energy-intensive, and easily deteriorate the quality of the final products (Humberto et al., 2001; Cohen and Yang, 1995) .
Scientists and technicists are looking for emerging food processing technologies to enable the production of safer, fresher and better quality foods with longer life for local and export markets.
Among emergent new technologies ultrasound dehydration is very
promising (Garcia-perez et al., 2007; Fuente-Blance et al., 2006) .
Ultrasonic waves can produce a rapid series of alternative compressions and expansions, in a similar way to a sponge when it is squeezed and released repeatedly (Soria and Villamiel, 2010) .
The forces involved by this mechanism can be higher than surface tension which maintains the moisture inside the capillaries and microscopic channels of the fruit, and therefore accelerate moisture removal (Mulet et al., 2003) . Ultrasonic waves can reduce viscosity (Greguss, 1963) , minimize diffusion boundary layer thickness and remove moisture from solid liquid interfaces (Carcel et al., 2007a; Rodrigues and Fernades, 2007) . Furthermore, changes in microstructure have been reported after ultrasonic treatments of fruits, which can additionally improve water removal (Fernandes et al., 2008a) .
Ultrasonic waves are often used to strengthen osmotic dehydration (OD) of food (Carcel et al., 2007b; Riera et al., 2004) . Simal et al. (1998) strengthened OD with ultrasound technology, and concluded that both dewater rate and moisture removal ratio increase significantly compared with traditional OD process. Lenart and Auslander (1980) reported that moisture diffusion rate would increase with the rise of ultrasonic power.
Yet Floros and Liang (1994) indicated that the rise of moisture diffusion rate could slow down and eventually stop when ultrasonic power continued to increase to a large value. So the influence of ultrasound on increasing OD process is limited. The advantage of using ultrasound is that the process can be carried out at ambient temperature and no heating is required, reducing the probability of food degradation (Mason, 1996) . But OD process can only remove part of water inside materials and totally dried products can't be obtained, even with the assistance of ultrasound. So in order to get dried products, further drying processes such as AD should be carried out after ultrasound assisted osmotic dehydration (UOD).
The increase of water diffusivity and the reduction of overall drying time with UOD pretreatment have recently been reported about several fruits and vegetables (Fernandes and Rodrigues, 2008b; Duan et al., 2008; Garcia-Noguera et al., 2010) .
This study has investigated the use of ultrasound as a helpful treatment to OD prior to AD of carrot. Hot-air dryings with UOD pretreatment (UOD-AD) were investigated. Weight reduction ratio (WRR) of UOD and the drying time and effective moisture diffusivity of the following AD were studied. Carotenoid content of carrot product and energy cost of UOD-AD process with different ultrasonic energy densities were also analyzed.
Materials and Methods
Materials Fresh ripe carrots were obtained from a local special production base of National Agricultural Science Institute in the province of Henan, China and were stored in a refrigerator at 2~4℃. Prior to the start of each experiment, carrots were cut into slices (30 ± 1 mm in diameter and 5 ± 0.1 mm in thickness) with a slicer and the size of each slice was measured using a vernier caliper. The moisture content of samples was determined in a vacuum oven at 70℃ for 24 h (AOAC, 1990) , and the initial moisture content of fresh carrot was 8.40~8.45 g/g (dry base).
Major equipments
The main experimental equipments include: hot-air drying equipment (GZ-II, Tianli Co., China); digital ultrasonic generator (KQ5200DE, Shumei Co., China); water bath (HH-8,Huanyu Co., China); electronic balance (BT2235, precision 0.01 g, Hongheng Co., China); refractometer (WYT-4, Jingmi Co., China); high performance liquid chromatography system (Agilent 1260, Agilent Co., USA).
Experimental method
The osmotic solution with different osmosis concentrations was prepared by mixing food-grade sucrose with distilled water. Carrot slices of 50 g were immersed into glass beakers with osmotic solution and the ratio of samples to solution was 1:8 to avoid dilution effects. Then the beakers were placed inside the temperature-controlled water bath and the ultrasonic probe was put into the solution to carry out UOD process, and the influences of ultrasonic energy density (0, 0.11, 0.22, 0.33, 0.44, 0.55 and 0.66 W/mL) and sucrose solution concentration (20, 30, 40, 50, 60 and 70 o Brix) on WRR were studied, at the osmosis temperature of 50℃. Ultrasonic energy density (UED) was determined by dividing applied ultrasound power by volume of process object. Power ultrasound was applied at a fixed frequency of 22 kHz. When UOD pretreatment was completed, the dehydrated samples were taken out from the beakers. Excess solution on the surface of samples was removed with tissue paper rapidly and weighting was performed using the digital balance. AD processes were carried through after UOD pretreatment, with air temperatures of 40, 50, 60 and 70℃ and air velocity of 0.5, 1 and 1.5 m/s, respectively. The samples were taken out and weighted at regular time intervals, and then put back for further drying immediately.
The drying process was carried on until the sample weight remained constant. All experiments were performed in triplicates and average results were used for analysis.
WRR is calculated as follows:
Where W 0 is the initial weight of samples (g) and W 1 is sample weight after UOD (g).
Moisture content (M UO ) after UOD is calculated based on the following equation:
Moisture content (M) in AD is calculated as follows (Sharma et al., 2005) :
Where W is the changed mass of samples during AD process (g), and W d is dry matter mass of samples (g).
Carrot slices were considered as infinite slab because the thickness of samples (0.005 m) was much less than the diameter (about 0.03 m). So the moisture ratio (MR) and D eff were therefore calculated by the following equation (Crank, 1975) :
Where D eff is the effective moisture diffusion coefficient (m 2 /s), L is the half of slice thickness (m), M e is the equilibrium moisture content, M 0 is the initial moisture content, M t is moisture content at time of t and t is the time (s).
The equation above is evaluated numerically for Fourier number (F o ), and can be rewritten as (Sharma et al., 2005) :
Therefore, the value of D eff was calculated by the following equation:
The data were analyzed statistically using Origin 8.0 software.
Carotenoid content
The carotenoid extraction was determined with the method of Ma et al. (2008) . The carotenoid analysis was carried out by HPLC method. An Alltech C18 column Energy cost The energy costs of UOD and AD were measured using a power meter (DTST79, Dahua Co., China). The energy cost value of UOD-AD process was determined as the sum of energy cost for UOD and energy cost for the following AD. The use of ultrasound during OD resulted in more weight loss of samples. Higher ultrasound power produces stronger cavitations' effects and strengthens mass transfer rate as a result (Rodrigues and Fernandes, 2007) . Moreover, microcosmic tunnels produced by supersonic vibration could obviously accelerate moisture diffusive rate (Fernandes and Rodrigue, 2008b ). Yet when ultrasonic energy density exceeded 0.44 W/mL, WRR began to increase tardily as ultrasonic energy density increased. Excessive ultrasound power in osmosis dehydration doesn't produce more microcosmic tunnels and sponge effects becomes steady (Carcel et al., 2007b) , so mass transfer rate doesn't increase obviously when ultrasonic energy density is over 0.55 W/mL. Higher ultrasonic energy density in UOD reduces moisture content of carrot slices after osmosis as mentioned above, which reduces mass of water to be removed during AD process. Moreover, higher ultrasonic power could enlarge capillary size and increase microscopic tunnels (Fernandes and Rodrigue, 2008b) , which enhance mass transfer rate during AD process. Without ultrasound assistance, OD can only remove small part of water inside samples and WRR is low, so more moisture need to be removed in the following AD process. In addition, osmotic solution could produce a thin sucrose membrane on the surface has been associated with formation of microscopic channels in the intercellular tissue of fruits (Fernandes et al., 2008a; Carcel et al., 2007) . Such formation may be due to the separation or disruption of cells caused by the combined effects of cavitation and osmotic pressure (Garcia-Noguera et al., 2010) . This positive effect makes it easier for water to diffuse during AD process. As a result, drying time is shortened and D eff value is increased.
Results and Discussion

Effect of UOD time on WRR
Effect of sucrose solution concentration on WRR
Drying characteristics of UOD-AD
According to the results of ANOVA shown in (Srikiatden and Roberts, 2006; Orikasa et al., 2006; Maskan, 2001 ).
The drying curves of AD without pretreatment are shown in Fig.   8 . The total times of AD and UOD-AD are shown in ANOVA was carried out and the results of the overall effects of drying temperature and air velocity on drying time and effective moisture diffusivity of UOD-AD were shown in Table 5 . It's is thermal-sensitive and oxidizable, and easily degraded and isomerized during drying process (Klieber and Bagnato, 1999) . So both UOD pretreatment and following AD process give rise to the losing of carotenoid compounds. When ultrasonic energy density mL, which were lower than the value of 2.17 kW·h for direct AD.
The smallest value was 36% less than energy cost for direct AD.
So it is confirmed that UOD pretreatment can reduce energy cost of AD process significantly. Because of longer drying time, the energy cost of OD-AD without ultrasound assistance was 14.7%
higher than that of direct AD, which means OD pretreatment has to increase energy cost of AD unexpectedly. Brix and osmosis temperature 50℃ for UOD pretreatment and drying temperature 60℃ and air velocity 0.5 m/s for AD process)
Conclusions
